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Introduction 
 
Biomedical applications have been an active research field for the development of 
microwave imaging due to the non-ionizing character of this radiation and its comfortable 
application. In particular, stroke detection, constitute a challenging application due to the 
high contrast between the mediums involved [1]. Ischemic strokes occur due to a loss of 
blood supply to a part of the brain caused by a blood clot, possibly leading to death of the 
tissue. Nowadays, stroke affects 795,000 people in US every year, meaning that, on 
average, every 40 seconds someone in the US has a stroke [2]. Moreover, it accounted for 
about one of every 17 deaths, representing 150,000 deceases per year in US. Currently, 
they are usually treated with thrombolytics (clot buster). However to ensure its 
effectiveness, it has to be given within 3 hours of the onset of symptoms and requires a 
firm diagnosis of an ischemic stroke. Currently, this diagnosis relies on imaging methods 
including CT, PET and MRI, which cannot be widely available at all medical centers due 
to its high cost. Hence, many times the diagnosis is delayed or not very accurate. 
Microwaves experiment highly sensitive interactions with dielectric properties of tissues, 
which can be used to identify them. This turns to be useful in stroke detection to 
distinguish between ischemic and hemorrhagic strokes, which present similar symptoms, 
but radically different treatment. Thus, by using microwave imaging, we will have 
enough specificity to distinguish vessels of blood in the brain (hemorrhagic stroke) and in 
this case, identify the injury as an ischemic stroke in a cost-effective way. 
 
Nowadays most microwave imaging algorithms are based on 2D reconstructions. These 
reconstructions are not always reliable because they are unable to discriminate vertically. 
For this reason there is an increasing interest in 3D reconstruction algorithms for 
microwave imaging, mainly boosted by the advent of both efficient numerical approaches 
and more powerful PCs. Up to now, most studies have been limited to the use of iterative 
schemes [3], which have a high computational cost. This opens the door to less 
computationally intensive algorithms such as ones based on linearizing approximations 
[4] or UWB Hybrid Focusing techniques [5]. In this paper a novel 3D UWB tomographic 
algorithm based in [4] applied to stroke detection is presented. For its validation a 
realistic 3D brain numerical model is simulated and reconstructed to detect the existence 
of a hemorrhage.  
 
3D UWB Hybrid Focusing Image Reconstruction Algorithm 
 
The algorithm presented here consists in the extension of previous 2D UWB techniques 
to 3D cylindrical geometry, see Fig. 1. As explained in [4], the tomographic algorithm 
relies on obtaining the dielectric contrast ܥሺݎԦሻ of the scene, which is related to the 
complex permittivity of the object under test through: 
ܥሺݎԦሻ ൌ 1 െ ߝሺݎԦሻߝ଴௘௫௧
 (1) 
where ߝ଴௘௫௧ is the permittivity of the external medium. The spectrum of the contrast 
profile can be related to the measured scattered field at all probes when it is produced by 
an incident plane wave that illuminates the body under test [4]. 
 
By using a cylindrical geometry of measurement, plane waves have to be expressed as a 
combination of cylindrical waves emanating from the probes situated at ሺߠᇱ, ݖᇱሻ. In this 
case, the current distribution to produce a vertical plane wave towards  
ሬ݇Ԧ ൌ ݇଴௘௫௧ሺܿ݋ݏߠݏ݅݊߶ ݔො ൅ ݏ݅݊ߠݏ݅݊߶ ݕො ൅ ܿ݋ݏߠ ̂ݖሻ is [6]: 
ܫ൫߶ᇱ, ݖᇱ; ሬ݇Ԧ൯ ൌ െ 12ߨଶ ݁
௝௞೥௭ᇲ ෍ ݆௡ାଵ݁௝௡൫థିథᇲ൯ 1ݏ݅݊ߠ ܪ௡ሺଶሻሺ݇ோܴሻ
௞బோ
௡ୀଵ
 (2) 
Where ݇଴௘௫௧ is the wavenumber in the external medium, R is the radius of the cylinder, 
ሺߠ, ߶ሻ is the direction of the plane wave, ݇௭ ൌ ݇଴௘௫௧ܿ݋ݏߠ and  ݇ோ ൌ ඥሺ݇଴௘௫௧ሻଶ െ ݇௭ଶ. Fig. 
3 shows the amplitude and phase of the synthesized plane wave electric field on the 3 
main planes when the incidence is θ=90° and Ԅ=45°. The closer θ is to 0º or 180º, the 
less accurate the plane wave is. This is due to the truncation error provided by the limited 
extent of the measurement surface in the z direction [6]. To avoid including unacceptable 
plane waves in reconstructions, θ has been limited between 45º and 135º, resulting in a 
small degradation of the resolution in z direction. 
 
The mathematical formulation of the algorithm is based on the reciprocity theorem (3). 
The spectrum of the induced currents in the object ܬሚ൫ሬ݇Ԧଶ൯ can be expressed by weighting 
the scattered field ൫ܧሬԦ௦൯ measured on the array by the current distribution that would 
produce a plane wave in the direction of the vector ሬ݇Ԧଶ in the region occupied by the body 
under test ( ܬԦ௔), (2).  
න ܬԦሺݎԦሻ݁ି௝௞ሬԦమ௥Ԧ݀ݒ௕
௩್
ൌ න ܬԦ௔ܧሬԦ௦݀ݒ௔
௩ೌ
ൌ න ܫ൫ߠᇱ, ݖᇱ; ሬ݇Ԧଶ൯ܧሬԦ௦݀ݒԢ௔
௩ᇱೌ
 (3) 
Under Born approximation (the scattered field is negligible in front of the incident field 
ܧሬԦ଴), the induced current, can be expressed in terms of the contrast profile as: 
ܬԦሺݎԦሻ ؆ ݆߱ߝ଴௘௫௧ܥሺݎԦሻܧሬԦ଴൫ݎԦ; ሬ݇Ԧଵ൯
࣠֜ ܬԦሺߟԦሻ ؆ ݆߱ߝ଴௘௫௧ܥሚ൫ߟԦ െ ሬ݇Ԧଵ൯ (4) 
Where ܧሬԦ଴ ൌ ݁ି௝௞ሬԦభ௥Ԧ can be expressed again by weighting transmitted signals with 
ܫ൫ߠᇱ, ݖᇱ; ሬ݇Ԧଵ൯. 
 
Finally, considering ܧሬԦ௦ the scattered field produced by ܧሬԦ଴ and combining (2), (3) and (4), 
the spectrum of the contrast can be expressed as: 
ܥሚ൫ሬ݇Ԧଵ ൅ ሬ݇Ԧଶ൯ ൌ
1
݆߱ߝ଴௘௫௧
෍ ෍ ܧሬԦ௦
ேೃ
௝ୀଵ
ቀ߶்೔ᇱ , ݖ்೔ᇱ ; ߶ோೕᇱ , ݖோೕᇱ ቁ
ே೅
௜ୀଵ
൉ ܫ൫߶்೔ᇱ , ݖ்೔ᇱ ; ሬ݇Ԧଵ൯ܫ ቀ߶ோೕᇱ , ݖோೕᇱ ; ሬ݇Ԧଶቁ 
 
(5) 
 
The spectrum of the contrast is obtained on shifted spheres of radius ݇଴௘௫௧. This shift 
depends on the direction of the plane waves and thus, by using different directions of 
incidence, the spectrum can be finely sampled inside of a sphere of radius 2݇଴௘௫௧.  
Additionally, by using a number of frequencies of illumination, the radius of the spheres 
changes, enhancing the reconstruction. Multi-frequency combination has been 
implemented in this algorithm as the summation of the magnitude of mono-frequency 
images. This solution is widely applicable and preserves the shape and size of 
reconstructed objects in cases where coherent combination does not work [5]. 
 
Fig. 1: 3D view and XY plane of the 
measurement geometry. In black the coordinate 
system for the plane waves and the antennas 
position are represented. 
Fig. 2: Simulated 3D model of the 
head. 
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Fig. 3: Three main planes of the synthesized plane wave in the direction  θ=90° and 
Ԅ=45° 
 
Preliminary Results of Brain Stroke Detection 
 
The assessment of the algorithm is accomplished by using computer simulations of a 
simplified 3D human head model. The model includes several layers corresponding to the 
skin, the skull and the brain itself, composed by the grey and white matter. The 
hemorrhagic stroke injury is simulated as a sphere of blood inserted in the white matter, 
see Fig. 2. The dielectric properties of the model are summarized in Table 1. 
Additionally, an external matching medium of εr=40 has been placed in order to reduce 
the initial contrast. When the external medium presents such large permittivity, it is 
possible to use low frequencies while maintaining a good resolution. In this case, the 
imaging algorithm is assessed using a frequency range between 0.3 - 1 GHz, which 
corresponds to a resolution of 2 cm. The scanning system consists of both transmitters 
and receivers placed along the surface of a cylinder of 22 cm in diameter, composed by 
25 rings of 32 antennas separated 1cm in z direction. Fig. 4 shows the results of the 
reconstruction. It can be seen that in spite of the significant contrast between layers, the 
algorithm is able to retrieve the position and shape of the whole brain and specially of the 
blood vessel. 
 Matching 
medium 
Skin Skull Grey 
matter 
White 
matter 
Stroke 
Number 1 2 3 4 5 6 
External radius  90 mm 85 mm 87 mm 65 mm 2 mm 
Permittivity 40 40 13 50 40 50 
Table 1: Properties of the model of the head [1], [7] at 1 GHz. At the current stage of 
development losses have been neglected. 
 
Fig. 4: 3D view and horizontal cut corresponding to the position of the blood vessel. 
Conclusions 
 
In this paper, a novel 3D UWB tomographic algorithm has been presented for brain 
hemorrhagic stroke detection. While 2D reconstructions are unable to distinguish 
between features at different heights, 3D reconstructions allow to obtain a complete 
representation of the brain and thus to differentiate them. A human brain model has been 
successfully reconstructed and the position of a blood vessel detected. 
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